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Abstract 

The electromagnetic form factors of pion and nucleon are considered within the frame- 
work of the Quark-Gluon Strings Model, where the dependence of the form factors on q 2 
is determined by the intercept of a dominant Regge trajectory and Sudakov form factor. 
The analytical expressions for the form factors found in the time-like region can be directly 
continued to the space-like region. Good agreement with available experimental data on 
the pion and magnetic nucleon form factor is obtained at positive as well as negative q 2 . It 
is shown that the difference in F n and G m at positive and negative values of q 2 is mainly 
related to the behavior of the double logarithmic term in the exponent of Sudakov form 
factor. The model describes also existing data on the Pauli nucleon form factor F% and 
the ratio G e /G m . 

INTRODUCTION 



It is well known that at large \q 2 \ 3> M 2 the charge and magnetic nucleon form factors can be 
approximated quite well by the dipole formula: \G e>m \ ~ 1/ \q 2 \ 2 (see review [[[]). For Pauli form 
factors one has \Fi\ ~ l/|g 2 | 2 , |F 2 | ~ l/|g 2 | 3 . Experimental data [fj, |3|] suggest also that at 
large \q 2 \ the proton magnetic form factor G m (q 2 ) in the time-like region is approximately twice 
as large as that in the space-like region: \G m (q 2 )\ ~ C\j \q 2 f for q 2 > 0, \G m (q 2 )\ ~ c 2 / \q 2 \ 2 
for q 2 < , c\ ~ 2c2 (see e.g. review || and references therein). 

Available experimental data on the pion form factor can also be described by the power 
law: F n ~ c n /q 2 . There are also indications that the modulus of the pionic form factor \F n (q 2 ) | 
in the time-like region is approximately twice as large as that in the space-like region || . 

As concerning theoretical development, there is a consensus that the correct description 
of form factors at asymptotically large q 2 is given by the Hard-Scattering Picture (HSP) (see J| 
and references therein). However, there is a question whether or not HSP based on perturbative 
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QCD can be applied to the description of the available data || |[ [7|, §. Last years important 
progress in modifying HSP via the inclusion of the intrinsic k^-dependence of the wave function 



and sophisticated parametrizations ofSudakov form factor has been made (see || [10], [II], |12|j). 
This new approach allowed to calculate the perturbative contribution to form factors in a self- 
consistent way even at moderate momentum transfers (about 2-3 GeV) and to demonstrate 



that the perturbative contributions are too small as compared with available data (see [13|, [14 



IB]]). Analysis of the most recent developments in perturbative QCD calculations of hadronic 



electromagnetic form factors (see review |T(|) demonstrated that at least the normalization of 
the form factor cannot be predicted reliably by a leading order calculations in a s . This result 
means that substantial nonperturbative (soft) contributions to the form factors can really be 
present. 

A model of soft contributions to form factors based on the Quark-Gluon Strings Model 



(QGSM) was proposed in fll7| . Previously QGSM was used in refs.0, [19[ to describe soft 



hadronic interactions at high energies. It is based on the ideas of 1/N expansion []2"0"|, [21], E3 



and color tube model |p4] , pq , |2q , p27f . QGSM can be considered as a microscopic model for 
Regge phenomenology, and it makes it possible to relate many different soft hadronic reactions. 
Within the framework of QGSM the g 2 -dependence of the charge and magnetic nucleon form 
factors as well as the pionic form factor can be described in terms of the intercept of a Regge 



trajectory and Sudakov form factor [17 



In this paper we show that the differencies in moduli of hadronic form factors in the time- 
like and space-like regions can naturally be explained by analytical dependence of Sudakov 
form factor on q 2 . Originally QGSM was formulated in terms of probabilities for quark-hadron 
and hadron-quark transitions in the impact parameter representation. Here we generalize the 
model introducing spin-dependent amplitudes for those transitions and developing a method for 
treatment of spin variables in QGSM. Earlier spin effects in QGSM were discussed in [29| and 
|HJ . Our treatment of spin effects is essentially different from the approach used in Using 
our approach we separated the nucleon form factors F\ and F 2 and demonstrated additional 
suppression of the pion form factor at large q 2 , which is caused by chirality conservation. 

As the answers for all the form factors are written analytically, they can be continued 
from the time-like region to the space-like region. Different values of the form factors at positive 
and negative q 2 are accounted for by the analytical behavior of the doubly logarithmic term in 
the exponent of Sudakov form factor. 

The paper is organized as follows. In Section [| the basic concepts of QGSM are introduced. 
We define the amplitudes for quark- ant iquark transitions to nucleon-antinucleon and pion- 
antipion pairs: A qq ^ NN (s,t), A qq ^ n7T (s,t) and derive their asymptotic expressions at large s 
and finite t. Then we write analytical formulas for 7 — > NN and 7 — > ttT matrix elements at 
|s| ^> M 2 , \t\ < M 2 expressing them as a convolution of the transition amplitudes 7 — > qq and 
qq — > hh in momentum representation or as a product in impact parameter representation. In 
Section |3|, we discuss the spin structures of A qq ^ NN , A qq ~* 7T7T amplitudes, and derive expressions 
for the pion form factor F w (s) and for the magnetic and charge nucleon form factors G m (s), 
G e (s). Then, in Section [| we consider additional suppression of the matrix elements 7 — > NN 
and 7 — ► ttW caused by the Sudakov form factor. In Section § we present the results of numerical 
calculations for G m (s), G e (s) and F w in the space-like and time-like regions and compare them 
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with the available experimental data on the pion and nucleon form factors. Our conclusions 
are presented in Section §. 



2 Quark-Gluon Strings Model. Transition amplitudes 
rpqq-^hh ^ s ^ m ^Yi e limit of large s and finite t. 

Let us consider binary reactions 7r + 7r~ — > 7r°7r°, 7r + 7r~ — > NN and pp —>■ NN which at large 
s and finite t can be described by the planar graphs with valence quark exchanges in t— 
channel (see diagrams a)-c) in Fig.l). Note that solid lines in diagrams of Fig.l correspond 
to valence quarks, and soft gluon exchanges are not shown. According to the topological 
l/Nf expansion (TE) 
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those graphs give dominant contributions to the corresponding 
amplitudes when Nf ^> 1 and N c /Nf ~ 1. In the cases considered here the exchanges of light 
quarks u, d, s are mainly important and the parameter of expansion seems not to be very small 
l/Nf = 1/3. However, for the amplitudes with definite quantum numbers in the t-channel the 
actual parameter of expansion is 1/iVf plf . Each graph of TE has a rather simple interpretation 
within the framework of space-time picture which can be formulated using color tube (or color 
string) model 



As an example we consider a space-time picture of the reaction 7r + 7r 



TT TT 



which 



correspond to the graph of Fig. la). At high energy a/s this reaction occurs due to a rare quark- 
parton configuration in each pion when in the c.m.s. a spectator quark (or antiquark) takes 
almost all the momentum of hadron and the other (valence) antiquark (or quark) is rather slow. 
The difference in rapidity between the quark and antiquark in each pion is 

where Sq ~ 1 GeV 2 . Then two slow quarks from 7r + and ir~ annihilate, and the fast spectator 
quark and antiquark continue to move in the previous directions and produce a color string 
in the intermediate state. Then the string breaks due to the production of a gg-pair from the 
vacuum creating a 7r°7f° -system in the final state. The same space-time picture holds for the 
graph of Fig. lb) with only difference that the string breaks producing a diquark-antidiquark 
pair from the vacuum and creating a iVW-system in the final state. 

Correspondingly the graph of Fig.lc) shows the formation of the qq string due to anni- 
hilation of the valence diquark-antidiquark pair in the initial state and production of another 
diquark-antidiquark pair due to the break of the string. Annihilation of the initial qq (or qqqq) 
pair takes place when the difference in rapidity of the valence q and q (or qq) is small (both 
interacting partons are almost at rest in c.m.s.) and relative impact parameter |bj_ — bo_i_| is 
less than the interaction radius. This can be described by the probability to find a valence 
quark with rapidity y q and impact parameter inside a hadron has the following form [TJJ 



w {y q - y , b± - b _L) 



AnR 2 (s\ 



exp 



-P(y q - yo) - 



(b± - b 0± y 

4R 2 (s) 



(2) 
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As it was shown in [17 1 it is possible to relate the parameters (3 and R (s) of the quark 
distribution inside a hadron to the phenomenological parameters of a Regge trajectory ai(t) 
which gives dominant contribution to the amplitude corresponding to the considered planar 
graph. In this case R 2 (s) = R 2 , + a'(y q — y ) is the effective interaction radius squared, y is the 
average rapidity, is the transverse coordinate of the cm. system in the impact parameter 
representation, a' = ct' R (0) is the slope of the dominant Regge trajectory, and (3 is related to 
the intercept as (3 = 1 — Qr(0). 

Due to creation of a string in the intermediate state the amplitude of a binary reaction 
ab — > cd has the s-channel factorization property: the probability for the string to produce 
different hadrons in the final state does not depend on the type of the annihilated quarks and 
is only determined by the types of the produced quarks. The same can be said about the 
process of the production of the color string in the intermediate state from the initial hadron 
configuration: this process depends only on the type of the annihilated quarks. This s-channel 



factorization was formulated in [|Tj|,[|rj| in terms of probabilities defined by eq.(Q). 

Generalizing this approach let us introduce amplitudes T ab ^ qq (s, bj_) and T qq ^ cd (s,b±) 
that describe a formation and a fission of the intermediate string respectively. The amplitude 
of the binary reaction ab — > cd described by the planar graph of Fig. la) ( b) or c)) can be 
written employing the s-channel factorization property as the convolution of two amplitudes 

A" (s, q ± ) = ^— [ d 2 k ± T ab ^ qq (s, k ± ) T qq ^ cd (s, q ± - k ± ) (3) 
in the momentum representation, or as the product 

A ab ^ cd {s, b±) = — f ab ^ qg ~{s, b ± ) f q ^ cd {s, b ± ) (4) 
2s 

in the impact parameter representation. 

Let us find the solution for the quark-hadron transition amplitudes T n+7T ~^ qq (s, kj_) and 
rpqq^NN ^ ^.^j } ar g e s ^ -which corresponds to the single Regge-pole parameterizations of the 
binary hadronic amplitudes A n+ ^^°^\ a ^nn and a nn^nn. 




(R-OAft 



exp 



— 2 ) exp (Rl B t) (5) 



s \ aD( > 
—2 exp (Rl D t) 



Here au {t), olb {t) and ao {t) are the dominant meson, baryon and diquark-antidiquark 
trajectories; Nm, Nm and Njj are the normalization constants. We have the following intercepts 
and slopes for the dominant Regge trajectories 

a M (0)~0.5, ob(0)~-0.5, a D (0) ~ -1.5 (6) 
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and 



a' M (0) ~ a' B (0) ~ a' D (0) ~ 1.0 Ge^ 2 . (7) 

Taking into account equations ([!]), (|5]) we can write the amplitudes T qq ^ n7T (s, bj_) and 
f f s , b . ) as follows 



N 



1/2 
M 



(a M (0)+l)/2 



2^R m (s) 



rpqq- 



*NN , 



s, b 



1/2 



D 



2^R D (s) 



rat 



cxp 



M 2 m W 



(a D (0)+l)/2 



exp 



where i?M (s) and i?u (s) are the effective interaction radii 



Rl(s)=R 2 0D + a' D (0)ln 



Substituting the amplitudes defined by eq.(H) into factorization formula @ we get: 



(8) 



(9) 



(N M N D f 2 



1 



A™^ NN (s, b ± ) = 

\ i(ao(0)+a M (0)) 



47ri? D ( S ) i? M (s) 



exp 



8i? : 



+ 



M 



8i%(s 



For consistency of eqs. (|T0D, (|5|) we should require the following relations between 
parameters and normalization constants 



(10) 



Regge 



R%(s) 



R 



+ 



M 



Rl (s) ' 



2a (0) B = a D (0) + a M (0) 



(A^ 



D 



,1/2 



i2 (s) (s) 



iV. 



B ^2 



If only light u, d quarks are involved we can safely assume that |17| 

"m (0) = a' B (0) = a' D (0) = a' (0) 
RIm (0) = RIb (0) = Rl D (0) = Rl (0) 
(iV M iV D ) 1/2 = N B 
5 



11' 



(12) 



(13) 



Then the relations (pTTj) , ([T2j ) can be satisfied at all s. Otherwise, they can be satisfied at 
sufficiently large s (see also Hl7|). 

Using the same approach we can consider the reaction of e + e~-annihilation into hadrons 
(see Figs. 2a,2b). In the case of 7 — > NN reaction a virtual photon creates a gg-pair, which 
forms a color string in the intermediate state. Then, the mechanism of producing a hadron pair 
in the final state is the same as it was considered above. The string breaks producing diquark- 
antidiquark dd-pair, which combines with spectator quarks to produce an NN final state. The 
form factors of 7 — > NN transition can be expressed through the amplitudes T 7 ^ 9 ^ (s, b±), 
(s,b x ) as: 

A ^ N N ^ = ± T ^ q g ^ . fqq-*NN ^ h± = q) ^ 

Therefore, at large s we have the following behavior of nucleon form factors: 



G m ,e (s)\ ~ \s\ 



1 



T^^(s,b ± = 0) \s\ {aD{0 ^ /2 (15) 

R D (s) 

In the case of ttW pair produced in the final state (Fig. 2a), the formulas for the amplitude 
and form factor can be written as: 

(s) = — T'^ qq (s) ■ f qq ^ (s, b ± = 0) (16) 

f qq ^ (s,b_L = 0) 1 | s |(aM(0)-l)/2 

Rm [s) 

Taking the values a M (0) ~ —0.5, a M (0) — — 1, (0) = (2a B (0) — a M (0)) ~ —1.5 we 

get 

F w (s) ~ Is/soT' * 



\f^(s)\ ~ isr 1 



\G m ,e (s)\ ~ |s/*o| 



1 

-5/4 



Such asymptotic of the form factors differs from the predictions of the quark counting rules 
p0| and pQCD calculations HJ. Note also that this power behavior does not agree also with 
experimental behavior for pionic F n (s) ~ s^ 1 and nucleon form factors G mfi ~ s~ 2 . The main 
reason of this disagreement is that we ignored up to now additional suppression caused by 
Sudakov form factor. It will be demonstrated in Sections |^ and ^ that taking into account 
the Sudakov form factor we shall be able to describe correctly q 2 dependences of the pion and 
nucleon form factors as well as to explain their differences in the space-like and time-like regions. 
However, before coming to the discussion of Sudakov form factor and to numerical calculations 
we should at first consider spin effects and possibility to separate charge and magnetic nucleon 
form factors. We shall also demonstrate that the chirality conservation leads to additional 
suppresion of the pion form factor ~ 1/ y/s at large s. 
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3 Spin structure of amplitudes and form factors. 

Let us introduce necessary notations. The pion and nucleon form factors can be defined as 
follows: 

Ajr^(s)=F w (p h ,-p- hli ) (18) 

and 



AT™ 



G m {q 2 ) 1 ^ + 2M{G e {q 2 ) - G m {q 2 )) 



{Ph ~ Pfe) A 

iph - pkY 



FA q ^- KpF2{q2) 



2M h 



(19) 



where ph and p^ are the 4-momenta of final hadrons, k p = \i v — 1 and \x v is the proton magnetic 
moment \i p = 2.793. 

Our aim is to introduce the spin structure of the amplitudes A qq ^ nn and A qq ^ NN . We 
define the invariants s and t for a two-body scattering amplitude qq — > hh in the standard way 



S = (Pq+PqY = (Ph+Phf 
t = {Pq-Phf = (Pq-PhY 



(20) 



and introduce the relative momenta p^ = \{jp qtl - pg^), P M = \{jphn - P^ iA J, k^ = P M - p^ 
where p qfJ ,, k^ and are the four- momenta of the quark, antiquark (or diquark) and hadron 
respectively. 

At large s and finite t we have {P 2 , p 2 } ^> {M 2 , m 2 }, where m is the mass of the light 
quark and = 0, P z . Then the following relation for the longitudinal momenta: 



P z ~Pz 



2 



\fs m 2 + k 2 ± 
~2~ ~ 



' M 2 m 2 + k 2 ; 



(21) 



is satisfied. As it follows from ( pip k z can be neglected as compared to |kj_|: k z ~ 0. 

Let us consider the pion form factor. The amplitude T qq ^ 7T7T can be expressed through 
two invariant amplitudes which correspond to the odd and even angular momenta of the 7t + tt~ 
pair: 



rpqq — >7T7r 



S ,k 2 



B 1 (s, ki) p + B 2 (s, k 



I) Pi 



(22) 



We assume that the amplitudes Pi, B 2 have the same asymptotics at large s and param- 
eterize them in the following way: 



£ { i,2} M) =/? { °i, 2} -- 



<*m(0)/2 



exp 



1 



- P 2 + «'(0) In t 



so 



(23) 



7 



/ s \ (c« M (0)+l)/2 

The factor s 1 ' 2 has been removed from — ) (see eq.(8)) to account for parameteri- 

zation where \P\, \p\ ~ s 1 / 2 . 



It is convenient to rewrite eq.(^) in the following form: 



(24) 



±7j 



Here i?i(s,k^), B 2 (s, k^_) have the same dependence on s and k^ (see (|23|) ) as Si (s, k 
i?2 (s, k^). As |k|/|P| ~ s^ 1 / 2 , the contribution of the second term of ( |2"4] ) into form factors is 
parametrically small and can be neglected (see also below). 

The expression for the matrix element of the current operator A^ 7 ™" can be written as 
the convolution of the quark current and quark-pion transition amplitude (IT 



/I 7 — >TT7T 



00 



3vr 2 s) 



drk± T^ qq s, ki T qq ^ 7T7T s, k 



(25) 



The quark current operator A 1 ~' qq 
Pq = ~Pg = Pi m the following form: 



u (.Pqi\)li v (Pqi^q) can be written in c.m.s., where 



.4 



■y^qq 



(26) 



For the following applications it is convenient to separate the quark current operator into 
transversal and longitudinal parts: 



Ar qq = 2 



X PiPj\ , PiPj 



(27) 



Taking into account spin variables in 
the following form 



we can express the transition amplitude A 



7 — >7TTV 



111 



A 



7 — >7T7V 



(8tt 2 s) 



| d 2 k ± 2Tr [a^H 



k 2 



e — (e — m) 



x 



2p 2 y ^ v 

B! (s,ki)P, + S 2 (s,kl) fc, 



m + (e — m)—— 1 



P 



P 



(2? 



p.p. 

where 5^ = — 



ij ~ u ij Wz' ^ * s eas y ^° see tbat the term proportional to B 2 (s, kj_) gives relative 



contribution 
get: 



P 

— as compared with the term proportional to Bi (s,kj_). Therefore we 
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7 — >7T7T / 



m + (e — m)- 



J d 2 k ± 2m B x (s, k^) P 4 



(29) 



where in the last expression all the pre-asymptotic terms of the order of s~ 1//2 , s" 1 and so on 
are neglected. 

It is important to note that the transversal and longitudinal components of the quark 
curent 7 — > qq behave differently at large s: 



-y^qq 



~ s l ' 2 a u 



(30) 



A 



■y^qq 



ma. 



The small value of the longitudinal component is related to the conservation of chirality. This 
component vanishes in the limit m — > 0. 

In the case of the transition 7 — > 7r + 7r~ only the longitudinal components of the quark 
current gives contribution, which is suppressed at large s as ~ s^ 1 ^ 2 . That is the reason why 
the pion form factor has additional suppression ~ s^ 1 ^ 2 as compared with estimation flT7|), 
which was presented in the previous section, where spin effects were neglected. Note that 



such behaviour of the pion form factor was predicted by Ravndal |3]J in parton model. Such 

a suppression should be absent in the transitions 7 — > np and 7 — > tcuj. Therefore QGSM 

F F 1 

predicts that the ratios of the form factors — ^ and — ^ should decrease with s as ~ —=. 



irp 



Note that in the perturbative QCD the quark helicities are conserved, and this would lead to 



the different behaviour of those ratios 



s. Therefore the QGSM 



nuj / PQCD 



\ - 1 / PQCD 

predictions for the form factor ratios 7 — > tttt and 7 — > vrp(c<j) at large s are very different from 
the PQCD predictions. Note that in the nucleon case both components A±_ and A z contribute 
and there is no such power suppression of the nucleon charge or magnetic form factor (see 
eq-@). 

Let us show that from two invariant amplitudes £?i(s, kj_) and ^(s, kj_), defined by 
eq.(24), the main contribution into the planar pion diagram of Fig. la) is given by the first 
amplitude Bi(s, kj_): 



A^( S ,dl) = £ / d 2 k ± ( X * Xq a lX xA( X ^Xx q ) x 

V 1 / \q\-g 

Bl(s, kl)P t + B*(s, kDh] [B^s, (q - k)l)Pj + B 2 (s, (q - k)l)k 3 



(31) 



cfk 



B$(s, k\)P t + B* 2 {s, ki^j x [B^s, (q - k)l)P t + B 2 (s, (q - k) 2 ± )k 2 

k 2 ™2" 



J d 2 k ± ^( S) ki)iMs,(q-k)i> + o ^, . 
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.4 



Provided that B\ 

s \ om(0) 



So 



a M (0)/2 



eq.fl3T]) garantees the correct s-dependence of 



7Y7T — ^7T7T 



So 



Moreover, eq. fplf ) can be used to fix the normalization constant for 



B 1 ( 8 ,(q-k)l). 

The pion form factor F n can be expressed directly through B\ (s, (q — k)^_ 



FJs) 



m- 



d 2 k ± £i (s, (q-kf_ 



AL. 



1 



i2§ + a' In 



so 



s 



(qmo/2-1) 



(32) 



where is a normalization constant, which we consider here as a free parameter. 

Let us now discuss nucleon form factors. The qq —>■ NN transition amplitude can be 
parameterized in terms of eight invariant amplitudes: 

rpqq->NN ^ fc ±) = ^^U^,^^ , ( 33 ) 

where U is a spin-spin operator that acts on spin variables of nucleons and quarks. The general 
spin structure of U can be written in terms of eight invariant amplitudes: 

U = D 1 (s,q ± )l-l + D 2 (s,k ± )(an)-l + D 3 (s,k ± )l-(cr / n) + D 4 (s,k ± )a x -a f x + 
+ D 5 (s, kjj cr y -<j' y + D 6 (s, kj.) a z ■ a' z + D 7 (s, k±) a x ■ a' z + D 8 (s, k±) a z ■ a' x (34) 

Here matrices <7j and a[ act on spin indices of nucleon and quark (antinucleon and antiquark) 
respectively, and n is the unit vector normal to the scattering plane: 



n 



[P x p 



[P x p 

At first we assume that all the amplitudes Di have the same Regge asymptotic: 



s s (ozj(0)+1)/2 

A(s,t)=7- ex P 

s J 



I^W (0 )l„(-± 



Then the amplitude of the transition 7 — > NN can be written as: 



(35) 



(36) 



cf k ± T?^ qq (s, k ± ) T q ^ NN (s, k 



£ / d 2 k^ 2 



£ ~( £ ~ m ^^ph j 6 i + ( m + ( £ - m > ,-r 2 



kj\ PiPj 



c) 



p * J p2 

PP, 



X 



(Xx N Vjxi%)- 



(37) 
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Let us write now expressions for the longitudinal and transversal components of the 
current matrix elements. It is clear from eq. (37) that Sachs form factors can now easily be 
separated: G e contributes to longitudinal component only and G m to the transversal one. It is 
also clear that the main asymptotic terms in quark current are not dependent on k^. Taking 
into account that after integration over d 2 k^ the terms which are not invariant under rotation 
around z-axis should disappear, we can write the longitudinal and transversal components of 
current operator in the following form: 



A1-NN = _4_ x 



7T 2 s) 

EE/ rf V kl^mx^xif ( X %cr z xx-) Xx^X^ = 2M G e {x\ N a zXx %) 



\q\q I 



X 



EE/ ^± k 2 ± ) (2s)xl N a niXx f (x^±Xa ? ) Xx q v ni xl- = 2e G m (xl N v±X x ±) 



where I — 1,4,5 and 6. It means that the form factors G e and G m can be expressed through 
linear superpositions of the amplitudes D\, D4, D 5 and D 6 . If all these amplitudes will have 
the same asymptotics then the asymptotics of G e and G m will also be the same: 

/ g v (a D (0)-l)/2 

G m (s) , G e {s) ~ ( . (39) 

G 

However the ratio —p- can be dependent on the model of the invariant amplitudes. 

^ 1 rn 



It follows also from eqs. (p8|) that the Pauli form factor F2 is suppressed at large s as 
s" 1 with respect to G m and G e . This suppression is purely kinematical and follows from the 
definition of F 2 : 



( a 2 \ -1 , \ («£)(0)/2— 1.5) 

F ^={-^f2- 1 ) [G e (s)-G m (s)}, F ^~{~) ■ ( 4 °) 

As explicit relations between the amplitudes D±, D4, D5 and D$ are not known we perform 
calculations for two different simple models: 

i) dominant contribution comes from the non-spin flip amplitude D\\ 

ii) the amplitude T qT '~' NN can be described by a scalar diquark exchange in the t-channel. 
In the case i) we have: 

5ft - D X (a, k±)l-l = D 1 (s, k ± ) 5 XNXq ■ 5 A _ A? (41) 
and the expression for the amplitude AJ~* NN is essentially simplified: 
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.4 



x2 



d 2 k ± D l (s, k ± ) (xa^XaJ 



x 



(42) 



In the leading order in s we can neglect all the terms proportional to and write the amplitude 



1tt 2 s) 



d 2 k ± D 1 (a,kx) (xL^iXA F ) 2 



P 



V p2 



(43) 



Then we get the following expressions for the Sachs form factors: 



G m ( s ) 



GJs) 



in 2 s) 



m i 



M (8tt 2 s) 



d 2 k ± D 1 (s.kj 



rf 2 k ±J D! (s, kj 



C 



IRl + a (0) In - 



s 



s 



(a D (0)-l)/2 



lR 2 + a (0)ln 



so 



s N (od(0)-1)/2 

so. 



(44) 



where C is the normalization constant. The Pauli form factor Fi can be expressed through 
G m , G e as follows (see eq.(|40|)): 



Fo(s) = - 



AM 2 



-1 



CI 



m 
M 



IR 2 + a' (0) In — 



s 



s x (a D (0)-3)/2 
S , 



(45) 



As it follows from eqs.(p3|), fl34] ) the parametrization (36) corresponds to the proper Regge 
behaviour of the amplitude T NN ^ NN . Indeed the amplitude T NN ^ NN can be expressed through 
the quadratic form 



T NN ^ NN (s,q ± ) 



^7T 2 s) 



d 2 k ± D 1 (s,k ± )D 1 (s,q ± -k ± ) 



and therefore has the following asymptotics 



s 



«d -qi 



(46) 



(47) 



which coincides with eq.(^). 

In the case ii) the transition amplitude qq —>■ NN can be expressed in the covariant way 
through the Dirac spinors of quarks and nucleons: 



N 1 



(4£ 
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Then the nucleon current A 1 ^ 1 ^ 1 ^ can be written as 



A^ NN = J d 2 k ± A (s, -k 2 ± ) ([(M + mf + k 2 ± ] 7lt - 2 (M + m) k„ + 2k ll k vlv 



(49) 



G m7M + 2M (G e -a, 



p2 



In the first approximation we can change to the efective value (kj_), taken from the 
diquark momentum distribution in the nucleon wave function. Then we get the following 
expressions for the Sachs form factors: 

(M + m) 2 / s \ («d(o)-i)/2 

V s . 



Gm. — C- 



iRl + a' (0)ln 



s 



G e — Gr 



c 



M 2 + (k 



(50) 



IR 2 + a' (0) In 



so 



s X (a D (0)-l)/2 
S - 



where C is the normalization constant which in principle may be differenet from C in eqs.([44]). 
Note that in the limit (kj_) = eqs. (|50D for G m and G e coincide with eqs. (|44|) and the 
G 

ratio — — is equal to the ratio of the quark and nucleon masses: 



G, 



G P 



(51) 



m 

G^ = M' 

The pion and nucleon form factors fl3"2"|), (13) and (^DJ) were calculated at positive s. 
However, they can analytically be continued to negative s (and complex s). Therefore they are 
defined in the whole s-complex plane. 



4 SUDAKOV FORM FACTOR. 

A collinear configuration of quarks, which leads to the production of a two-body hadronic final 
state, can be formed only if no hard gluon is emitted in the initial state. If this condition does not 
hold and in the initial stage of interaction a hard (|kj_| > R^ 1 ) gluon is emitted, the collinearity 
of the qq configuration is not preserved and this hard gluon develops a jet in the final state in 
addition to the hh-system. The necessity to preserve the collinear qq configuration results in 
the Sudakov suppression. Sudakov form factor is related to the initial stage of interaction when 
a high-energy virtual photon produces a pair of fast quark and antiquark and an intermediate 
quark gluon string is not yet formed. 

In the double logarithmic approximation (DLA) the Sudakov form factor can be written 
as follows (for possible parameterizations of Sudakov form factor and its role in jet production 
see e.g. review [B3] and references therein): 
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S (0) (g 2 ) = Ciexp 



a 



eff 



2tt 



-CVln 2 - 




(52) 



where Cp 



4 



and has the meaning of the characteristic energy or transverse momentum of 



emitted gluons when the collinearity of qq configuration is still preserved. In formula (|52|) both 
values ay* and u are introduced as free phenomenological parameters. We shall vary them 
within the limits which are in reasonable agreement with available theoretical considerations 
and experimental data. 

It is important to note that the modulus of Sudakov form factor is different for positive 
and negative s due to the double logarithmic term in the exponent: 



S (0) 



exp Cp 



a 



eff 



-7T 



(53) 



\SW(-s)\ 2 „ 

and for a e Jf ~ 0.4 the ratio r ts ~ 2. 

In DLA the value of as is considered as a constant. This approximation is reasonable at 
not very high s, when characteristic transverse momenta of emitted gluons are about (kj_) ~ 
1 GeV 2 ((kjj <C s). In this region asiy±) can be considered as a constant a e /f ~ 0.4 4- 0.5 
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However, at very large s it is necessary to take into account logarithmic dependence of 
as on s. In this case it is convenient to write the Sudakov form factor in the following form 



5«{ 



cxp 




a s {tJ? 



(54) 



where the first logarithm In — ^ corresponds to the integration on the longitudinal momentum 

/if 

g 

(energy), and the second one In — =■ - to the integration on the transverse momentum. Using 
the one-loop expression for «g(/i 2 ): 



a s ((i 2 



An 



A) m 



A 2 



where 



0o 
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N f = 9 



we get the following expression for the Sudakov form factor |35 

2C F 



C 2 exp 



0o 



a s (s) 



(55) 



(56) 



(57) 



The choice of the sign before s is defined by analytical properties of the form factors. The 
constants fii, fi 2 i n (0) wm be considered as free parameters. 
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The (time- like)-to- (space-like) ratio for S^(s) is in general smaller as compared to that 
of S^iq 2 ) from (||). Nevertheless it can also reach the value ~ 2 at 5 4- 15 GeV 2 . At very 
large s the ratio r^' can be written as 



CO I _ 
r ts |s— >cxi — exp 



2C F 7T 2 

A) ln(s) 



(5f 



(compare with eq.(|53f)) and slowly decreases with s. At very large s in ( pq) the ratio r 



(i) 



and Sudakov suppression disappears. 

Effective power which characterizes decrease of hadronic form factors with account of the 
Sudakov form factor (0), can be defined as 

/ s \ («£>(0)-l)/2 / s \^jvW / s \ (a M (0)-2)/2 / s \^(s) 

G~( — ) S (1) (s)~ --) , — ) S«(s)~(--) , where 



So/ V So/ V^o/ V s 

£tv (s) = ^ In [In (— s)] + Q£> ^^ for nucleon form factors, and 

Po 2 

^ (s) = ^ In [In (— s)] H M ^ for pion form factor. 

Po 2 
Therefore hadronic form factors, calculated in QGSM, decrease faster than any Finite 

power of s. This means that at very large s the perturbative contribution, which is proportional 

q; s (s) q 2 (s) 

to ~ — — and ~ — for pion and nucleon form factors respectively, becomes dominant. 
s s 2 

However, the decrease of ^Ar j7r (s) with s, which is defined by the term In [In (— s)], is rather slow 
and the scale s, where nonperturbative contribution becomes comparable with perturbative 
one, is much larger than experimentally available values of s (s > 10 2 GeV 2 ). 

Moreover we should stress that at available now values s ~ 30 4- 50 GeV 2 the nonpertur- 
bative contribution is dominant and the gluon virtuality is not large (/i 2 ~ 1 GeV 2 s). The 
value of as(fi 2 ) in this region of fi 2 is frozen and practically does not depend on /i 2 |SB| . 



Thus the s dependence of hadronic form factors in QGSM has very transparent interpre- 
tation: the probability for a virtual photon to produce a two-body hadronic state contains two 
suppression factors. The first one is related to a suppression of the production of a collinear 
qq pair. It can be calculated using the perturbative QCD and is described by the Sudakov 
form factor. The second small factor is related to suppression of the production of a two-body 
hadronic state after hadronization of a qq string at large s. This factor is related to the large 
distance physics and has nonperturbative nature. 



5 Numerical Results. Comparison with Experiment. 

In figs. 3 — 8 we compare the results of our calculations for hadronic form factors G m (q 2 ), 
G e (q 2 ), F 2 (q 2 ) and F n (q 2 ) with experimental data in the time-like and space-like regions of q 2 . 
Parameters m, (k 2 ± ) and Rf, were taken to be equal to m = 0.22 GeV, (kj_) = 0.2 GeV 2 and 
R 2 = 3 GeV 2 . 

Both parameterizations of Sudakov form factors were employed: 

s 



S^(q 2 ) (see ([52])) with frozen a eff 
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b) SWtf) (0). 

The best fit of nucleoli form factors in the case a) was found at: of/* = 0.45, u 2 = 0.35 
GeV 2 . In the case b) the following values of parameters were chosen: Aq C d = 0.4 GeV, \i\ = 1.3 
GeV and /i 2 = 0.6 GeV. 

In Fig. 3 we present the proton magnetic form factor in the space-like region of Q 2 = 
—q 2 = — s. The bold and thin solid curves are calculated for the model a) and b) of Sudakov 
form factor respectively. The normalization constant C was also considered as a free parameter 
in each case. Both curves describe the Q 2 dependence of G m rather well. The bold and thin 
dashed curves are calculated dividing the corresponding solid curves by Sudakov form factor. 
It is clear that the effect of Sudakov form factor is quite important: at Q 2 = 5 GeV 2 the 
dashed and solid curves are different by approximately factors of 2 and 1.5 for models a) and 
b) respectively. 

In Fig. 4 we present the proton magnetic form factor in the time-like region. The meaning 
of the curves is the same as in Fig. 3. The normalization factor in the time-like region was 
taken the same as in the space-like region. The solid curves which are calculated with Sudakov 
suppression describe the q 2 dependence of q 4 G m (q 2 ). The model a) (bold solid curve) agrees 
with the experimental data rather well, while model b) (thin solid curve) is below the data 
by a factor ~ 1.5. The dashed curves were calculated without Sudakov suppression. They 
correspond to rising q 4 G m (q 2 ) and are below the bold curves by a factor ~ 1.2 1.5 at q 2 = 5 
GeV 2 . 

In section [|two types of parametrization of t? 9 ~^ nn were considered: model i) and model 
ii). The q 2 dependence of the proton magnetic form factor appeared to be not very sensitive 
to the choice of a model. However the choice of the spin structure is important for separation 
of G e (q 2 ) and G m (q 2 ), and therefore for the description of F 2 (q 2 ). Our predictions for F 2 are 
sensitive to the choice of parameters m and (k^_) which enter eqs. (f45|) and (|50|). For model i) 
when the non-spin-flip amplitude D\(s, k. 2 ± ) 1 • 1 dominates the value of m is only relevant. 

G 

In Fig. 5 we show the ratio in the space- like region. This ratio is slowly dependent 

Q 

on Q 2 in the region 0.5 4- 3.5 GeV 2 and reaches the value of H P -=r~ ~ 0.6 -4- 0.7. Therefore for 

G 

the ratio of electric to magnetic form factors we have — — ~ 0.2 -r- 0.25. In our models i) and 
G 

ii) the ratio —p- is not dependent on q 2 : 

G r , 



' 1)1 



G e m . 

— = - m model x) , 

-Tr+ J/L 2 + in m model ii). (59) 



G m M (m + M) 2 V M 

If the natural quark mass m = 0.22 GeV is chosen model i) reproduces the experimental 
G 

data on — — very well. Experimental data on Pauli formfactor F 2 taken from |4TJ suggest a 
G r , 
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G 

slightly larger value of fi p -p^— ~ 0.7 -r 0.75. However, employing the same quark mass m = 0.22 

GeV model i) describes quite well the experimental data |Ej . 

Model ii) gives the ratio G e /G m larger than model i) at the same values of quark mass 
and (kj_) (see As it follows from (|59|) to reproduce the experimental data for Pauli form 
factor F 2 (or equivalently for G e /G m ) in model ii) we should take m ~ 0, (kj_) ~ 0.15 GeV 2 , 
the choice seeming quite unnatural. Note, that if we put (kj_) = (in this case the rapid quark 
moves in thedirection of the hadron), model ii) provides for helicity conservation and the second 
formula in ( |59"D reduces to the first one. 

In fig 6. we present our results for Pauli form factor F 2 (Q 2 ) for two parameterizations 
of Sudakov form factor. The solid line refers to the parametrization of model a), the thin line 
— model b). The bold dashed curve corresponds to the calculations with the scalar diquark 
exchange model ii). For this curve the Sudakov form factor was taken in the as = const 
approximation (model a). It is seen that even for small values of (kj_) the magnitude of F 2 can 
not be reproduced by model ii) but can be explained very well by model i). 

Thus, the model developed in this paper reproduces experimental data for nucleon form 
factors G m (q 2 ), G e (q 2 ) at negative (and positive in case of G m ) q 2 . Both parametrizations of 
Sudakov form factor result in the suggested by experimental data g 2 -dependence of the form 
factors. The required normalization of Sach's form factor G m is achieved in model a). As for 
the spin structure of the quark-to-nucleon transition amplitudes, model ct), where Z)i(s,k^) 
dominates, correctly reproduces spin effects even at modetate and small Q 2 . In model ii) it is 
possible to describe experimental data if unnaturally small values of m and (kj_) are employed. 

To describe experimental data on F 2 quark mass was chosen at its natural value of 
m = 0.22 GeV. In model ii) a combination of m and (kj_) accounts for the difference 
[G e (q 2 ) — G m (q 2 )} (see fl50D). To provide an adequate description of F 2 (q 2 ) in the space-like 
region one has to take m ~ GeV and (kj_) = 0.15 GeV 2 , a rather doubtful choice. Thus, the 
comparison with experiment suggests, that the helicity conservation model i) captures correctly 
spin effects even at moderate q 2 . 

The effective power dependence of \G m (s)\, |G e (s)| ~ s~ 2 suggested by experimental 
data can be explained by two factors: 



1 rpqq-*NN 



-(l-2a B (0)+a M (0))/2 



1) Power fall off of the qq — > NN transition amplitude - 

s 

\s\~ 5/ \ 

2) Sudakov form factor, which decreases with s in the region 10 GeV 2 < s < 30 GeV 2 as 
approximately \S(s)\ ~ |s|~ 3,/4 . Both parametrizations of Sudakov form factor and 
have the same s-dependence in this region of s \S(s)\ ~ \s\ 3 ^ 4 . 

The model reproduces the data at negative as well at positive s very well. However, while 
both S(°>(s) ( |52"D and S^'(s) fl57|) can describe s-dependence of G m (s), F 2 (s) and F n (s) in the 
space-like region only S^(s) accounts for difference in magnitudes of the form factors in the 
space- and time-like regions. The ratios that S^{s), S<${s) predict (see (||), @) are changed 
slightly because of the analytical behavior of the square root that enters formulas (^), (H), 
(H) and (H). 

Pauli form factor F 2 (Q 2 ) {Q 2 ) 3 in the low Q 2 ~ 1 Gel^-region rises as ~ Q 2 , while at 
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asymptotically large Q 2 behaves as a constant. Threshold effects are taken into account by the 

( q 2 \ 
factor ttttt — 1 . 
\4M 2 J 

In the case of pion form factor there is one important difference. In the reaction 7 — > 7t + tt~ 
the virtual photon produces a pair of pseudoscalar particles in the final state, thus, the produced 
pions have orbital momentum 1 = 1. In this case amplitude the AJ^ qq ~ suppressed by the 
chirality conservation contributes, which results in an additional ~ |<? 2 | _1//2 factor in the pion 
form factor (see (j32|) ) . 

The asymptotic g 2 -behavior of the transition T-amplitude governed by the meson Regge 



(«J/(0)-l)/2 



-1/4 



Addi- 



trajectory a^it) has the power fall off: — A qq ~^ w (q 

q 2 

tional Iq J suppression arises due to the chirality conservation. Therefore, in the absence 
of Sudakov form factor we have l-F^g 2 )! ~ Ig 2 ] *^ )/ 2 " 1 = |g 2 |~ 3 / 4 . Sudakov form factor in the 
region of (— q 2 ) ^5 — 10 GeV 2 behaves approximately as: S^°\q 2 ), S^(q 2 ) ~ (— g 2 )-(°- 3 >^ - 4 ). 
Thus, the function Q 2 F 7T (Q 2 ) decreases slowly as (Q 2 ) °" 3 in this region of q 2 . 

We fixed parameters of Sudakov form factor in models a) and b) fitting experimental data 
for the pion form factor: 

a s = 0.45, lu 2 = 2.5 GeV 2 ; A QCD = 0.5 GeV, ^ = 1.5 GeV, /jl 2 = 1.5 GeV. 

This choice makes it possible to get the desired behavior of the pion form factor q 2 F 7T (q 2 ) ~ 
(g 2 ) in the region where experimental data are available. Model a) where the ratio r ts (j53|) 
is completely defined by the choice of as correctly reproduces the magnitude of the pion form 
factor in the time-like region. 

In fig. 7 we show our results for the pion form factor in the space-like region. Solid lines 
refer to calculations when Sudakov form factor is taken into account: model a) — thick line, 
model b) — thin line. The remaining dashed line shows the calculations without Sudakov form 
factor, which results in a slow increase of Q 2 F 7T (Q 2 ) in the considered domain of Q 2 . 

Our results for the pion form factor in the time-like region are presented in fig. 8. Here 
solid lines refer to parameterizations of Sudakov form factor in the models a) and b). The thick 
and thin dashed lines represent calculations without Sudakov form factor. As it is the case in 
the space-like region q 2 F 7T (q 2 ) is approximately constant in the domain of available experimental 
data. In the model a) the ratio of of the modulus of the pion form factor in the time-like to 
space-like region is determined by the analytical properties of Sudakov form factor and is equal 
to |F w (g 2 )|/|F^(-g 2 )| w 2.5 at q 2 w 10 GeV 2 . 

The difference in modulus of meson form factors in the space-like and time-like regions in 
the framework of perturbative QCD with Sudakov effects taken into account was discussed in 
ref. [Q- However, in the model [§4| the the difference of l-F^g 2 )! and \F n (—q 2 )\ is attributed 
mainly to the singularities of the hard scattering amplitudes. In the model [[|5|] the pion form 
factor is described using a phenomeno logical parameterization of its imaginary part, and, thus, 
the different magnitude of \F n \ is provided for by g 2 -dependence of the imaginary part of F v {q 2 ). 
Note, that in our model such corrections as discussed in [[EJ decrease as inverse powers of q 2 
M 2 

~ — — , and if the characteristic mass varies in the range of a few GeV M = 1 -S- 2 GeV (as 
q 2 

it is the case in most hadronic reactions) this effect doesn't contribute substantially already 
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at q 2 ~ 10 -T- 20 Ge^ 2 . Moreover, if the analytical behavior of Sudakov form factor is the 
major source of the enhancement of hadronic form factors in the time-like region, the ratios 
rj s = \F n (q 2 )\/\F n (—q 2 )\ and r^ s = \F m (q 2 )\/\F m (—q 2 )\ will decrease very slowly as q 2 increases 
(see ( |53| ) and (|58"D). For instance, in the model a) r$ is constant and is approximately equal to 
r$ ~ 2.5. In model b) ~ 1.8 at q 2 = 5 GeV 2 and decreases to = 1.35 at g 2 = 100 Ge^ 2 . 
Thus, measurements of r ts (q 2 ) for pions and nucleons at large q 2 will resolve a fundamental 
problem, whether or not the behavior of hadronic form factors at q 2 ~ 10 -i- 50 GeV 2 is governed 
by perturbative or nonperturbative QCD. The effect of difference of q 2 F n (q 2 ) at q 2 > and 
q 2 < predicted in our model also waits for experimental test. 

6 CONCLUSION. 

Employing QGSM we have investigated the form factors of pion and nucleon in the space-like 
and time-like regions. Spin effects were taken into account by introducing the respective quarks- 
to-hadrons T qq and hadrons-to-quarks amplitudes T ~* qq , which allows one to analyze spin 
effects of binary hadronic reactions and hadronic form factors. In the framework of the devel- 
oped model the experimental g 2 -dependence of the form factors G m>e ~ (<? 2 )~ 2 ) F-k ~ (<? 2 ) -1 up 
to q 2 ~ 100 GeV 2 is explained in terms of the intercept of the respective Regge trajectory and 
Sudakov form factor. The introduction of spin variables provides the possibility to distinguish 
nucleon Sach's form factors G m , G e and calculate F 2 . The pion form factor F^^q 2 ) has addi- 
tional suppression ~ 1/ y/q 2 ' in the model due to the approximate chirality conservation in the 
process 7 — > qq. QGSM predicts asymptotic ratios of form factors F n7T /F nuJ , F n7T /F np ~ l/y/q 1 , 
while in perturbative QCD those ratios rise linearly as q 2 increases. The obtained expressions 
for hadronic form factors are analytical in the q 2 complex plained and, thus, can be continued 
from the time-like to space-like region. The difference of the modulus of G m ^ e (s) and i^(s) 
at positive and negative s is mainly related to analytical properties of the doubly logarithmic 
term in the exponent of Sudakov form factor. Sudakov form factor in KGSM leads to hadronic 

form factors which decrease faster than any power of l\fq 2 at very large \q 2 \. However, this 
exponential suppression doesn't contribute strongly in the domain of currently accessible q 2 . 
As a result nonperturbative effects predicted in the framework of KGSM may be dominant up 
to q 2 w 10 2 GeV 2 . 
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Figure captions 



Fig. 1. Planar diagrams for binary reactions a) 7r°7r° — > 7r~7r + , b) 7T7f — > NN, c) NN —>■ NN. 
Fig. 2. Planar diagrams for reactions a) 7 — > 7r + 7r~, b) 7 — > NN. 

Fig. 3. Proton magnetic form factor G m (Q 2 ) in the space-like region as function of Q 2 = —q 2 . 
Thick and thin solid lines refer to QGSM calculations with parameterizations (|52"1) and (|57| ) of 
Sudakov form factor. Thick and thin dashed line are obtaind from the respective solid lines by 



dividing by Sudakov form factor. The experimental data are taken from [[36 



Fig. 4. Proton magnetic form factor G m (q 2 ) in the time-like region as a function of q 2 . Thick 
and thin solid lines refer to to QGSM calculations with parameterizations ( |52"|) and (|57D of 
Sudakov form factor. Thick and thin dashed line are obtained from the respective solid lines 
by dividing them by Sudakov form factor. The experimental data are taken from |37|, [38 . 



Fig. 5. The ratio of electric to magnetic proton form factors fi p G e (Q 2 ) / G m (Q 2 ) in the space- 
like region as a function Q 2 = —q 2 . The calculations were done using model i) for the spin 
structure of the qq — *> NN amplitude with quark mass taken m = 0.22 GeV. The experimental 



data are taken from 39 



Fig. 6. Pauli proton form factor F 2 (Q 2 ) in the space-like region as a function of Q 2 = —q 2 . 
Solid lines are the results of our calculations within model i) for the A q ^ NN amplitude; thick 



line represents calculations with parameterization ( [52] ) of Sudakov form factor, thin line — with 
parametrization (|57|) . The respective dashed lines are the calculations without Sudakov form 
factor. The lower bold dashed line corresponds to parameterization ii) of spin amplitudes and 
(|52|) of Sudakov form factor. Parameters m and (k^_) were taken equal to m = 0.22 GeV, 
(k^_) = 0.2 GeV 2 . Experimental data are taken from PU . 



Fig. 7. Pion form factor F n (Q 2 ) in the space-like region as function of Q 2 = —q 2 . Bold and thin 
solid lines refer to calculations with parametrizations ([52]) and fl57[) for Sudakov form factor 
respectively. Bold and thin dashed lines refer to QGSM calculations without Sudakov form 
factor. These curves are obtained from the respective solid ones dividing them by Sudakov 



form factor. Experimental data are taken from [41 . 



Fig. 8. Pion form factor F^q 2 ) in the time-like region as function of Q 2 = —q 2 . Thick and thin 
solid lines refer to calculations with parameterizations (fl5"2|) and fl5"7|) for Sudakov form factor 
respectively. Bold and thin dashed lines refer to QGSM calculations without Sudakov form 
factor. These curves are obtained from the respective solid ones dividing them by Sudakov 



form factor. Experimental data are taken from [42|, |43 . 
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